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Abstract: Interactive learning tools can facilitate the learning process and increase
student engagement, especially tools such as computer programs that are designed
for human-computer interaction. Thus, this paper aims to help students learn five
different methods for solving nonlinear equations using an interactive learning
tool designed with common principles such as feedback, visibility, affordance,
consistency, and constraints. It also compares these methods by the number of
iterations and time required to display the result. This study helps students learn
these methods using interactive learning tools instead of relying on traditional
teaching methods. The tool is implemented using the MATLAB app and is eval-
uated through usability testing with two groups of users that are categorized by
their level of experience with root-finding. Users with no knowledge in root-find-
ing confirmed that they understood the root-finding concept when interacting with
the designed tool. The positive results of the user evaluation showed that the tool
can be recommended to other users.

Keywords: Graphical user interface (GUI); interactive learning tool; design
principles; nonlinear equations; experimental design

1 Introduction

Learning methods play an important role and receive special attention in our lives. We live in a digital
age where we want something efficient, effective, dynamic, quick, and interactive. The term “interactive”
appears in two distinct strands of educational research discourse: one regarding pedagogy, and the other
regarding new technologies in education. Teaching students by the traditional method can be more
difficult to retrieve information and increase student interaction and engagement than the interactive
method. Interactivity is the key to having an effective and efficient teaching and learning operation, in
which the teacher can attract students’ attention, and students can learn more than with the traditional
method [1,2]. With the outbreak of coronavirus in the year 2020, people around the world were faced
with major challenges [3]. One of these challenges was to adapt to online teaching and learning
opportunities [3]. COVID-19 made clear the importance of having an interactive learning tool to facilitate
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students' education. For some students, interactive learning online was easy and problem-free [4]. However,
some students found it difficult to access technology and digital devices [3].

Numerical analysis is an essential branch of mathematics and computer science that pertains to algorithms
that use a numerical approximation in mathematical analysis. More specifically, it includes the study of methods
for computing numerical data. These methods create and implement algorithms that solve a mathematical
problem by obtaining an accurate numerical approximation to the solution, in addition to finding the error
associated with that solution [5]. It has its applications in engineering and sciences [6—8].

In mathematics, some problems have no exact solution or have solutions that are hard to find; hence, the
best approximate solution is needed to solve that type of problems using different techniques. Generally,
root-finding algorithms are some of the most important algorithms used in various fields, including
computer science, chemistry, physics, and engineering [6]. These algorithms find the zero x of a
continuous function f in which f(x) = 0. They use iteration to generate a sequence of numbers that
converge towards a limit (the so-called “fixed point”), which is a root. The first values of this series are
the initial guesses. The method computes the next values based on the old ones and the function f* [6].

Usually, these methods are iterative, such that in each iteration, the approximate solution is improved to
a more accurate solution recursively [9]. This leads to difficulties in teaching and applying them in the
traditional way. Especially in some cases where complex equations are used, which results in many
calculations that are difficult and time-consuming to perform manually and explain the concept of
converging to students. Furthermore, it is ineffective to teach this algorithm in the traditional way because
it is difficult to use different types and a sufficient number of examples within a limited time. Hence, an
improved learning tool is needed to teach root-finding algorithms efficiently.

In this study, we design and develop a design principles-based interactive learning tool and use
MATLAB to solve nonlinear equations. These methods include the bisection method [10], Newton’s
method [11], secant method [11], hybrid method [6], and improved hybrid method [12].

Our contribution with this study is to design a tool, based on design principles, to compare solutions from
these methods in an interactive way. The solution for a particular function displayed by all implemented
methods and compare them in terms of several attribute measures, such as the time taken to complete each
method and the number of iterations required to find the final solution. This tool helps students to learn
several methods for solving nonlinear equations by engaging with an interactive learning tool.

The rest of this paper is organized as follows: Section 2 describes related work. Section 3 illustrates the
implemented tool for all five methods, defines the design principles, and explains how it apply to the interface
tool. Sections 4 and 5 present the user evaluation and discuss the tool’s results. Finally, Section 6 concludes
the entire study and presents future work.

2 Related Work

Interactive learning tools can facilitate the learning process and increase student engagement. Learning
methods play an important role and receive special attention in our lives [1,13]. In this section, many
proposed interactive learning tools from different areas are discussed.

Fatemeh et al. [13] designed and implemented a computer-based interactive learning tool that helps
students learn concepts through concept map construction. The tool has three types of users: admin,
student, and teacher. The admin can add and delete users and concept maps. The teacher constructs a full
concept map as a reference for the tool to check the students’ work. A student is asked to build the map
by dragging and dropping, and by linking phrases. His actions and work are checked simultaneously,
while the teacher receives a report about the students’ mistakes to clarify the related concepts. In fact, the
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tool has a high level of interactivity by manipulating the maps and the immediate feedback. However, it lacks
a theoretical explanation and is only used the in classroom.

Trigui et al. [14] presented an interactive learning tool in the domain of mathematics learning. The
objective of their tool was to show the main application of modular arithmetic in a brief interactive
environment. The tool is an HTML and JavaScript-based learning tool. It contains several theoretical and
practical sections related to modular arithmetic, including integers, divisibility, modular arithmetic, and
Euler. Also, they include applications of modular arithmetic with a focus on cryptography. Each section
contains a brief explanation, some related examples, and functions. Moreover, the application provides
several functions that aim to provide more interactivity to the user. For instance, the sieve of Eratosthenes
checks if a user’s input number is a prime number, and factorization finds the decomposition of a positive
integer number entered by the user. The Euclidean algorithm finds the greatest common divisor of two
integers entered by the user, along with the solution steps and the modular arithmetic calculator section.
Even though the learning tools include rich content, it has quite a basic GUI with limited interactivity and
lacks visual illustration. It involves a text area to user input and a button to show the result in another text area.

Nordin et al. [15], the authors proposed an interactive learning tool designed for electrical engineering
students to enhance their interest in and understanding of transformers. The goal of this tool is to facilitate
learning about transformer electrical behavior and observing the effect of parameter variation. The tool is
designed using MATLAB and GUIDE. It is a button-based program that contains three sections:
transformer performance, open circuit test, and short circuit test. Each section has its own interface, and
with each interface the user can manipulate parameters to calculate results and display related plots.
However, it lacks a theoretical explanation of the concept. The tool was tested by twenty electrical
engineering students, and their positive feedback shows that this tool is quite useful for teaching the
specified concept.

Tepljakov et al. [16] proposed a MATLAB-based teaching tool for fractional-order systems and controls.
The goal of their study was to build a simple and effective teaching tool to help researchers and students
understand the concepts of fractional calculus and its applications, especially for FOS and control design.
The tool can be used in the classroom and in self-learning. However, it lacks any theoretical explanation
of the concept and colors in the design.

Alnanih et al. [17] developed a mobile application that allows students and faculty members to exchange
social and academic services and share course-related information. The authors adopted an agile
methodology called Mobile-D to develop the app. Also, they used the persona as data collection to
develop a better understanding of the target user. The authors carried out usability testing and used
specific human-computer interaction principles to achieve a better user experience. The disadvantage of
this application is that the reliability of the information depends on the users themselves and it contains
general topics, rather than being specialized in a specific field.

Bacelo et al. [18] designed two interactive learning experiences for learning mathematical concepts in
primary schools. They applied different protocols in each one: the turn-taking protocol and the consensus
protocol. The interactive tool used in both experiences was the DEDOS-Player multi-touch surface, which
was used along with designed educational projects. It involves different interactive activities, such as
multiple-choice activities, pair-matching activities, and additional activities that use DEDOS-Editor.
Although each experiment includes variant activities that promote knowledge acquisition during daily
student classes, it is not designed to be used for self-based learning. It is only used in conjunction with
school classes. The results of both experiments showed that the students highly enjoyed learning using
this technology. The students gained good learning results as well as many other skills such as
collaboration, communication, and teamwork.
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In general, we can conclude that interactive learning tools target complex and challenging topics. Teachers
often face problems in explaining mathematics and engineering concepts to students [19]. Adopting interactive
tools supports the learning process by making the information clear, creative, and enjoyable.

Tab. 1 summarizes the most prominent differences between the work mentioned above and our proposed
tool in terms of objective, technology, content, design principles, and limitations.

Table 1: Related work summary

Reference  Objective Technology Content GUI design principles Limitations
and tools
Fatemeh Help students to learn any concepts Web-based - Different types of Visibility. - Lacks theoretical
etal. [13] through concept map construction. technology. users. Feedback. concept explanation.
- Drag and drop-based Affordance. - Used to support
map construction classroom learning
exercises. only.
Trigui Explain modular arithmetic and its JavaScript - Editable examples.  Visibility. - Lacks visual
etal. [14] application theoretically and practically. and HTML. - Theoretical Consistency. illustration.
explanation. Affordance. - Very basic GUI
with limited
interactivity.
Nordin Facilitate learning about transformers, =~ MATLAB - Editable examples.  Visibility. - Lacks theoretical
etal. [15] including electrical behavior and effects. and GUIDE. - Visual illustration. Affordance. explanation of the
concept.
Tepljakov  Help students and researchers to MATLAB. - Editable examples.  Visibility. - Lacks theoretical
etal. [16] understand fractional calculus concepts - Graphs. Affordance. explanation of the
and their applications, especially on concept.
fractional-order systems and controls. - Lacks color in the
design.
Alnanih Exchange social and academic services Swift, - The users added Mapping the design to - Lack of concept or
etal. [17] Dbetween students and faculty members HTML, them own educational three cognitive processes subject specialty.
and share course-related information. JavaScript, content to benefit each which are: attention, - The reliability of
and PHP. other in the discussion perception, and memory. the information
forum or provided depends on the users
information through a themselves.
service request and
meetings.
Bacelo Enhance student’s performance in DEDOS - Various interactive  Visibility. - No support for self-
etal. [18] understanding mathematical concepts.  editor and  activities. Feedback. based learning.
DEDOS - Images and graphs.  Constraints.
player.
Our Explain and simplify non-linear equation MATLAB. - Theoretical Visibility. Overcome all the
proposed  through interactive learning tool-based explanation of Feedback. above limitations by
interactive  design principles. each concept. Constraints. providing
tool - Editable examples of Consistency. - Visual illustration.
non-linear equation.  Affordance. - Support classroom

- Graphs, charts,
flowchart,
and images.

learning and self-
learning.

- Explanation for
each concept from
reliable sources.

- Consider GUI
design principles that
are lacking in the
above works.

- Support the
interactive strategy
between the user and
the tool.
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3 Designing and Developing Design Principles-Based Tool

This section is divided into two parts. First, it describes the main design of the tool interface, which is
designed with consideration for the separation of concern that related to the design principles to the software
[20]. In addition to presenting a list of design principles that have been considered in designing the tool’s
interfaces. Second, it describes the implementation of the five methods for solving nonlinear equations
with a flowchart and interfaces.

3.1 The Proposed Design Principles-Based Interactive Tool

Our proposed tool-based design principles [21] that 1) help the user to learn the five methods for solving
nonlinear equations, 2) explain the algorithms in steps and show every step in detail in the panel, labels,
tables, and graphic illustrations.

Our tool’s main interface contains two panels: one for solving nonlinear equations and one for
comparing the methods, as shown in Fig. 1. Tab. 2 describes the interface in Fig. 1.
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Figure 1: Main interface
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Table 2: Main interface description

Section Fig. 1 Description

(D) Is the panel for solving nonlinear equations, which contains five buttons. Each button leads the
user to a different method to solve the nonlinear equation. Each button has a specific color, and
this color is related to the same color to this interface.

(2) Is the compare panel, which contains a compare button that connects the user with the
comparison GUI for comparing between the solutions of these methods.

The objective for the design and development of the tool is to learn difficult concepts easily and
interactively. The tool was created by learning through practice rather than following instructions. Each
task requires one to two clicks to achieve. Buttons can be enabled and disabled to restricts users and
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guide them, as we can see when we compare the buttons in Section 6, Fig. 4 with the buttons in Section 7 in
the same figure. With each iteration, the value of the root is linked to the plot of the function and the current
value of the root. This linking simplifies the concept of convergence for users and visualizes it [22].

Tab. 3 shows the design principles that are applied in our tool and are referenced to [22].

Table 3: Design implications

Design Principle description in the tool
principle

Visibility Visibility was integrated by using different buttons to make the meaning visible, e.g., Fig. 1
(Sections 1 & 2), Fig. 4 (Section 7).

Feedback Feedback was considered: when the user enters the wrong input, a recovery message is
shown as a validation note, e.g., Fig. 2.

Constraints  Constraints were included by enabling the buttons when they are needed, as shown in
Fig. 4 (Section 7). When they are not needed, we disable them, as in Fig. 4 (Section 6).

Consistency Consistency was implemented by designing the interfaces of the different methods using
the same general structure, as shown in Fig. 4, and clarified in Subsection 3.2.

Affordance  Affordance was applied, as buttons are used as shown in Fig. 1 (Sections 1 & 2) and Fig. 4
(Section 7), it suggested its way of usage. Also, the same thing was applied on the scroll
bar in the steps panel (Section 6) in Fig. 4.

Error

Missing some input data, Check if you did not enter
Equation or Lower/Upper guesses

Figure 2: Sample of the validation messages

3.2 Nonlinear Equation Methods Interfaces

This section describes the flowchart and interfaces of the tool that was implemented for the five methods
for solving nonlinear equations. This section also describes the comparison interface, which compares the
methods using several measures, such as the time required to complete each method and the number of
iterations required to find the final solution. The tool was implemented on a Mojave i5 Intel Core
computer running macOS using MATLAB ver. 9.7.0.1261785 (R2019b), 64-bit. Fig. 4 shows the
interface of the bisection method. Because the methods interfaces have the same structure, we consider
the bisection interface as an example. As a result, we omit the description of the other method interfaces.

3.2.1 Bisection Method

The bisection method is used to find the roots of a polynomial equation. It splits and subdivides the
interval in which the root of the equation exists. The principle behind this method is the intermediate
theorem for continuous functions. It works by narrowing the gap between the positive and negative
intervals until it closes in on the correct answer. This method narrows the gap by taking the average of
the positive and negative intervals. It is simple, although it is relatively slow [10].



CSSE, 2022, vol.40, no.3 1029

Fig. 3 [23] shows the flowchart of the bisection method and the steps as follows: 1) Defining two
variables a, c. First let a=x; and ¢ =x, where x; and x, are the two initial guesses of interval
boundaries that bounded a root. 2) Then, we calculate the midpoint » using the formula b = (a+ ¢)/2.
3) After that, we check if there is a root in the interval [a, b] by checking if f(a) * f(b) < 0. According
to the result, we update the interval boundaries. 4) If f(a) *f(b) < 0, then ¢ = b, otherwise, a= b.
5) Finally, we check the convergence by determining if |a — ¢| < tolerance(e). 6) If the condition holds,
b is the root, and we stop. 7) However, if the condition does not hold, we must recalculate » using the
midpoint formula and follow the steps again.

a=X1
C=X2
:

b=(a+c)/2 - ——— Bisect interval

f(a)*f(b)< 0 ? <«———— Check sign
Yes
| a=b | | c=b <— — —— Update interval
No
la-c|<e? <4———— Check convergence
Yes

S~

Output:Root=b

Figure 3: Flowchart of Bisection method [23]

N

Tab. 4 describes the interface of the bisection method as shown in Fig. 4. The interface supports the help
features by providing a description of the algorithm.



1030 CSSE, 2022, vol.40, no.3

[ XOX Bisection Method
Bisection Method Help 3

INPUT DATA STEPS
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Enter Equation f(x): 4434 XA3-15"%A2-2%x40
x"4+3 = X"N2-27X
ex: XA2-7'x+10 * The midpoint is not a zero

#i#H### end -8- iteration ###i##

Enter Lower Guess- (a) : Enter Upper Guess- (b) : -9 - iteration
step 2: compute the midpoint
Enter Accuracy e: Enter 10

e: is estimated error (Optional) - by default is 10 iteration

The midpoint is-5.5742

Test if midpoint is a zero 6

5 + 2 The midpoint is not a zero
Explain about graph: if you want zoom-in or zoom-out in graph.

*youcanit by putindicator onto graph and will
you show all options of graph.

if you want to show each value of marker(point). . .
Value f(x): -10 - iteration

##### end -9- iteration #####

Iteration done: step 2: compute the midpoint

The midpoint is-5.5762

This table is for steps of bisection method Test if midpoint is a zero

Iteration a b x(mid) f(xmid)

The midpoint is a zero
4.0000 -5.6250 -5.5000 -5.6250 12.8342

5.0000 -5.6250 -5.5625 -5.5625 -2.9602 The zero ofx"4+3*x"3-15"x"2-

2*x+9 in the section [-5.5781
6.0000 -5.5938 -5.5625 -5.5938 4.8175 -5.5742]

7.0000 -5.5781 -5.5625 -5.5781 0.9052
8.0000 -5.5781 -5.5703 -5.5703 -1.0411
9.0000 -5.5781 -5.5742 -5.5742 -0.0760 -6 i i #i#t##H# end -10- iteration #####
10.0000 -5.5781 -5.5742 -5.5762 0.4079

is-5.5762

Final solution Next

Figure 4: Bisection method interface

Table 4: Bisection method interface description

Section Fig. 4 Description

(3) Demonstrates a bisection method interface with two tabs: one for explaining the method, which
contains an input panel, a steps panel, and an output panel. The other tab contains information for
the description of the bisection algorithm.

4) Demonstrates the input panel that contains the equation, initial guesses, accuracy, and max
iteration. There is a validation in this panel to prevent the user from making any mistakes. Firstly,
if the user does not write an equation or an initial guess, it will show an error message, which
prompts the user to enter the missing input data. Secondly, if the user makes the wrong guess, it
will show an error message, which prompts the user to enter another guess. Thirdly, if the user
does not write the accuracy or max iteration, the output will be displayed correctly using the
default values for the accuracy and max iteration.

(5) Demonstrates an output panel that contains the root label, value of f(x) label, iteration done label,
table for presenting all iteration values, graph of the equation, and text area that explains the
graph.
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Table 4 (continued).

(6) Demonstrates a steps panel that contains a text area that presents all steps described. It also
contains a “next” button to present the next iteration, and a final solution button to display the
final solution.

(7) Demonstrates four buttons: steps button, root button, reset button, and home button. The steps
button allows the user to control the display of the description and solution for each step. The root
button presents the final approximation of the root. The reset button clears all input, output, and
steps panels. The home button takes the user back to the main interface.

3.2.2 Newtons Method

This method begins with a single estimated initial guess. It then takes the intersection of the tangent with
the x-axis as the next approximation of the root. This method repeats this until either the value of the function
or the approximated error is near zero [11].

The steps of Newton’s method as follows: 1) Begins with defining the function f(x) and its derivative
df (x), the initial guess of the root xo, the tolerance (¢), and the max, which is the maximum number of
iterations. 2) Then it does the following until it either reaches the max or finds the root: 3) Calculate the

S(x0) . :
. 4) Check if th th t. 5
&%) ) Check if |[f(x;)| < ¢, then x| is the root. 5)

Otherwise, let xo = x; and recalculate x; using the formula specified before and recheck against ¢ [11].

next guess of the root x; using x; = xo —

3.2.3 Secant Method

The secant method is a root-finding algorithm that uses a succession of roots of secant lines to better
approximate the root of a function f(x). It is an optimized variation of Newton’s method. It works as fast
as Newton’s method, yet it involves only an evaluation of the function [11].

The steps of the secant method as follows: 1) Defines the function f'(x) and the variables a, b and c.
Input a and b, which are the initial interval boundaries that bounded a root. 2) Then check if
axf(b)— bxf(a) ,
f(a) xf(b) <0.3) Let c = 70) =7 .a=b, and b=c. 4) If f(a) xf(b) is not less than
zero, then enter other values for a and b. 5) Check if |f(c)| < tolerance (e.g., 0.005), then c is the root
and we stop iterations. 6) Otherwise, we recalculate ¢ and check again [11].

3.2.4 Hybrid Method

This method is hybrid method of the bisection method and the Newton—Raphson method. It takes a first
approximation by applying the bisection method twice, and it completes the correct approximation by using
the Newton—Raphson method [6].

The steps of the hybrid method as follows: 1) Requires the given function f, its derivative df, interval
boundaries @, and b that bound the root and tolerance (¢). 2) It then iterates from 1 to 2. 3) Let
xi = (a+b)/2.4) Check if f(x;) =0orf(x;) < e 5)]If the condition holds, then x; is the root, and we
stop. 6) However, if the condition does not hold, then we check if f(a) * f(x;) < 0. Then, let b = x;.
Otherwise, a = x;. 7) After that, we iterate from 1 to N (maximum number of iterations).
S (x)
df (x;)

x; = x and recalculate x, and check again [6].

8) Letx = x; — .9 Iff(xi) < ¢, then x is the root and we stop the iterations. 10) Otherwise, let
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3.2.5 Improved Hybrid Method

The improved hybrid method is a method for solving nonlinear equations. It is an improvement of the
hybrid method. The improved hybrid method combines the bisection method with Newton’s method, and it is
“suitable for functions which are not applicable to the hybrid method” [12].

The steps of improved hybrid method as follows: 1) Defines the function f(x), its derivative f”(x),
interval boundaries [a,b], and tolerance (¢). 2) Let i =1 and calculate ¢ = (a+ b)/2. 3) Check

f(e) f(c)

if a<c-—%<b, then x = ¢ — . Otherwise, x = (a+b)/2. 4) After that, check if
G 7 a0

[f(x)] < ¢ then x is the root. 5) If |[f(x)| > = ¢, then check if f(a) f(x) < 0. 6)If f(a) *f(x) <O,
then b = x. Otherwise @ = x. 7) Then, go to ¢ = (a + b)/2 and repeat the previous steps [12].

3.2.6 Comparison

The comparison interface in our program compares the solutions of these five methods in terms of the
number of iterations and execution time with bar graphs and tables, as shown in Fig. 5. Tab. 5 describes the
elements in the comparison interface, as shown in Fig. 5.

@ @ Comparison
Comparison
Comparison Criterias: Comparison Entities: 9
Comparisons of roots finding methods based on: 8 Equation | x"4+3"x"3-15"x12-2"x+9 approximate error 104§
1. No. of iterations.
7 -4 1
2. Execution time. First guess -6 Second guess Iterations 00
Comparison Results: 11
10 SECANT BISECTION NEWTON
teration x f teration x eration x
o Comparison 1.0000 5,1042 1.0000 -5.0000 1.0000 -5.6436
. e ' 2.0000 66116 2.0000 -5.5000 20000 -5.5767
€ 25| D orstons 30000 53797 30000  -5.7500 30000 55745
=
3 Root  -55745 Root  -55745 Root  -5.5745
B 20 Iteration 8 Reration 28 iteration 4
2 Time 056701 Time  0.77247 Time  0.43315
2 HYBIRD IMPROVED HYBIRD
=10r eratio { teration x it} |noration x
% 1.0000 -5.0000 20000 -5.5000 1.0000 -5.8346
3 5 2.0000 -5.5000 3.0000 -5.5774 2.0000 49173
| I 4.0000 5.5745 3.0000 -5.5967
0 A A ™ a
S ™ t -5.57. t -5.57:
e@“d\ \»\*“’“ ‘“o«ﬁ - e*,dn 60&@ Roo! 55745 Roo! 55745
o ° Reration 5 Rheration 27
\ Time 2.093 Time 65975
Method

T

Figure 5: Comparison interface



CSSE, 2022, vol.40, no.3 1033

Table 5: Comparison interface description

Section Fig. 9 Description

(8) It is a comparison criteria panel that demonstrates to the user our comparison based on the
number of iterations and execution time.

) It is a comparison entities panel that contains the equation, initial guesses, approximate error,
max iteration, and compare button, and presents the results for all methods in the tables.

(10) The result of the comparison is displayed as a bar graph to help the user understand the
comparison results.

(11) The result of the comparison is displayed in tables to show the comparison results. It presents all
iteration values in the table and the present root, iterations done, and time in labels that can be
easily read.

(12) It is a home button to move the view back to the main interface.

4 Usability Evaluation Design

Usability testing is used to improve product usability by involving real users in the test [24]. To evaluate
the tool’s influence, the development team designed and conducted an experiment using observation of the
participants, recording the users’ comments, and distributing questionnaires to capture their opinion of using
the proposed tool. The results of the usability testing were analyzed and summarized. The testing covered
both objective and subjective measures. Objective measures are also known as performance measures,
and can be taken using different aspects, such as the time required to complete a specific task [25]. The
subjective measures can be defined as measures of the users’ expectations and their perception toward a
specific product [26]. In [27], objective measures were defined as measuring the ability of a user to
perform a specific number of tasks in an environment that is controlled. However, the subjective
measures are measure by asking the user about his personal opinion of the experience. Generally, we can
recap by saying the following: objective measure concern user performance. The measurement is done by
measuring certain attributes, such as the time required to complete the task, the number of correct actions,
and the number of incorrect actions. Subjective measures concern asking a set of questions in the post-
test questionnaire. However, the pre-test questionnaire reflects the users profile, whereas the post-test
reflects their knowledge toward using the root-finding tool, and their level of satisfaction with using the tool.

4.1 Participant Experience

Participation in this experiment involved two types of users, novice and experienced, to enable us to
obtain different opinions and feedback from using the tool. In this study, our participants consisted of
10 users, mainly from the faculty of computing and information technology, at King Abdulaziz
University. The ten participants were divided into two groups. Five participants who had enough
knowledge of the root-finding concept were considered as Groupl: Expert. The other participants, who
did not have any previous experience or knowledge using the root-finding concept, were considered
Group2: Novice.

4.2 Pilot Test

Before the usability testing was conducted, a preliminary study with a pilot test was done by three expert
users from technical and knowledge perspectives, who were different from the participants in Group 1. The
pilot test helped the researcher to test the approach and evaluate the feasibility, time, and performance
measures of the study. The average time of each task for all three users was recorded, as shown in Tab. 6.
Accordingly, the comparison results are specified as excellent—equal to or below the expert results,
acceptable, and unacceptable, as shown in Tabs. 7 and 8.
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Table 6: Performance measure for average time of (Pilot Test)

Task 1 Task 2 Task 3
User 1 25.00 s 3.00s 17.00 s
User 2 30.80 s 3.50s 40.10 s
User 3 11.39 s 3.26s 13.15s
Average 2240 s 325s 2342 s

Table 7: Classification of the performance measures (Time)

Task 1 Task 2 Task 3
Excellent <=23s <=4s <=24s
Acceptable >23s,<30s >45,<5s >24'5,<29s
Unacceptable >30s >5s >29s

Table 8: Classification of the performance measures (Clicks)

Task 1 Task 2 Task 3
Excellent 0 extra clicks 0 extra clicks 0 extra clicks
Acceptable 1-2 extra clicks 1-2 extra clicks 1-2 extra clicks
Unacceptable >2 clicks >2 clicks >2 clicks

Furthermore, all feedback and comments obtained from the pilot test were considered in the design and
applied (more information about feedback in Section 5).

4.3 Procedure

Participants were informed of the purpose of the study, and then they were given a consent form before
the experimental test was started. All the participants were asked to complete the following steps:

1. Fill in the pre-test questionnaire that defined their profile. The user profile questionnaire comprised
three parts: general information, computer experience, and interactive learning tool experience.

2. Complete a list of three tasks, as shown in Tab. 9.

3. Fill in the post-test questionnaire to evaluate the tasks using the tool and to determine their level of
satisfaction.

Table 9: List of tasks

Task 1 Show the steps of Bisection method.
Task 2 Show an overview about Bisection method.

Task 3 Compare between methods that solves nonlinear equations.
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4.3.1 Pretest Questionnaire Result

The result of the pre-test questionnaire for Group 1 (Expert) is shown in Tab. 10. The results are as
follows: 60% are between the ages of 18 and 25 years, while the remaining are between 26 and 30; 60%
are female and 40% are male; 60% of the users completed high school as the highest education, while
40% have a bachelor’s degree. Most of the users are at an intermediate level of English reading (specified
by 80%) while 20% are at an advanced level. In terms of computer skills, 60% are at the intermediate
level, while 40% are at an advanced level. On a Likert scale [28] containing questions with 5 levels,
labeled as 5: daily and 1: never, the users were asked to specify the frequency of their computer usage.
40% chose daily, 40% chose monthly, and 20% chose yearly. Most of the users have experience with the
root-finding concept. All users have experience with an interactive learning tool. All users have used a
website-based tool, and 80% of them have used both desktop and mobile application-based tools.

Table 10: The result of the pretest questionnaire for Group 1 & 2

Attributes Category Group 1 Group 2
Age 18-25 years 60% 100%
26-30 years 40% 0%
31-35 years 0% 0%
>35 years 0% 0%
Gender Female 60% 100%
Male 40% 0%
Education level High school 60% 0%
Bachelor 40% 100%
Master 0% 0%
PhD 0% 0%
English reading level Beginner 0% 20%
Intermediate 80% 60%
Advanced 20% 20%
Computer skills level Beginner 0% 20%
Intermediate 60% 80%
Advanced 40% 0%
Computer usage Never 0% 0%
Yearly 20% 40%
Monthly 40% 20%
Weekly 0% 20%
Daily 40% 20%
Experience level of root-finding concept. Excellent 80% 0%
Good 20% 0%
Weak 0% 0%
There is no experience 0% 100%
Learning tool usage Yes, used a learning tool. 100% 80%
No, not used a learning tool. 0% 20%
The type of learning tool used Website-based tool 100% 50%
Mobile application-based tool 80% 75%

Desktop application-based tool 80% 50%
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For Group 2 (Novice), Tab. 10 shows the results of the questionnaire. The results are as follows: all of
the users are between the ages of 18 and 25 years. All of the users are female. All of the users are students
with a bachelor’s degree. Most of the users are at an intermediate level in English reading, which was
reported by 60% of respondents, while 20% are at the beginner level and 20% at the advanced level.
With respect to computer skills level, 80% are at the intermediate level and 20% are at the beginner level.

In response to a Likert scale question about the frequency of their computer usage, 20% chose daily,
20% chose weekly, 20% chose monthly, while 40% chose yearly. None of the users have experience with
the root-finding concept. All users except one have experience with an interactive learning tool. 50% of
the users have used a website-based tool, 75% of them have used a mobile application-based tool, and
50% of the users have used a desktop application-based tool.

4.3.2 Performance Measurement Result

The results of the performance measurement are shown in Tab. 11 and in Fig. 6 for Groups 1 and 2. In
Group 1, all users in tasks 1 and 3 received excellent and acceptable results. 20% of them received excellent,
and 80% received acceptable results in task 1. In task 3, 80% of them received excellent and 20% of them
received acceptable results. In task 2, 60% of users received excellent, 20% received acceptable, and 20%
received unacceptable results due to misunderstanding the task scenario.

Table 11: The result of the performance measure for Group 1 & 2

Excellent Acceptable Unacceptable

Task 1 Group 1 20% 80% 0%
Group 2 100% 0% 0%
Task 2 Group 1 60% 20% 20%
Group 2 40% 40% 20%
Task 3 Group 1 80% 20% 0%
Group 2 100% 0% 0%
Average Group 1 53.33% 40.00% 6.67%
Group 2 80.00% 13.33% 6.67%

® (Groupl: Expert) m (Group2: Novice)

o 50%
(1]
5 40%
>
< 30%
20%
|
0% | .

Excellent Acceptable Unacceptable

Performance Measure

Figure 6: The result of the performance measure for Group 1 & 2
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In Group 2, all users received excellent results in tasks 1 and 3. In task 2, 40% of users received excellent
and acceptable results in an equal ratio, and 20% of them received unacceptable results due to
misunderstanding the task scenario.

4.3.3 Post Test Result

The subjective measurement that reflects the usability of the proposed tool was specified by measuring
the ease of each task and the user satisfaction with using the tool. The results are shown in Tabs. 12 and 13
and Figs. 7 and 8 for Groups 1 and 2. For the ease of the task, the choices were very easy, easy, neutral,
difficult, and very difficult. Satisfaction was measured using five questions. All questions used a Likert
scale [28] with five values: strongly agree, agree, neutral, disagree, and strongly disagree [29]. The results
for the ease of the task showed that the users in Groups 1 & 2 confirmed that most of the tasks were very
easy and easy. However, 20% of the users in both groups considered task 2 to be neutral due to
misunderstanding the task scenario.

Table 12: The result of the subjective measure (Ease of the Task) for Group 1 & 2

Very easy Easy Neutral
Task 1 Group 1 80% 20% 0%
Group 2 100% 0% 0%
Task 2 Group 1 60% 20% 20%
Group 2 60% 20% 20%
Task 3 Group 1 40% 40% 20%
Group 2 100% 0% 0%
Average Group 1 60.00% 26.67% 13.33%
Group 2 86.67% 6.67% 6.67%

Table 13: The result of the subjective measure (Users’ Satisfaction) for Group 1 & 2

Aspect Strongly  Agree Neutral Disagree Strongly
agree disagree

Satisfaction with the application Group 1  40% 60% 0% 0% 0%
Group 2 100% 0% 0% 0% 0%

Overall look aligns with your feeling Group 1 60% 40% 0% 0% 0%

in the use of the application Group 2 80% 20% 0% 0% 0%

The application was interesting Group 1 60% 40% 0% 0% 0%
Group 2 100% 0% 0% 0% 0%

Frustration while using the Group1 0% 0% 0% 40% 60%

application Group 2 0% 0% 0% 0% 100%

Do you recommend the applicationto  Group 1  100% 0% 0% 0% 0%

the student? Group 2 80% 20% 0% 0% 0%
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Figure 7: The result of the subjective measure (Ease of the Task) for Group 1 & 2
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Figure 8: The result of the subjective measure (Users’ Satisfaction) for Group 1 & 2

5 Discussion

In this section, we discuss the user’s feedback in the pilot test (Section 4.2 Pilot Test). We also discuss
the results of Groups 1 and 2.

In the pilot test, some of the users wrote their feedback. The first important comment was that the
comparison interface should show a feedback message when the “compare” button is clicked, because
this task requires a long calculation time and avoids doing wrong actions and then leads to users
frustration. For example, the message could say, ‘“Please wait until the calculation is finished” or
something similar. This feedback has been implemented in the comparison interface, as shown in Fig. 9.

The other comments were considered, and the interfaces were edited accordingly, as shown in Figs. 10
and 11. Fig. 10 shows the revision of the position of the secant method button, which was moved to the same
level as the bisection and Newton’s methods. Fig. 11 shows the comparison interface after the tables and the
plot position were swapped. This revision made this interface consistent with the method interfaces.



CSSE, 2022, vol.40, no.3 1039

Comparison

Comparison

Comparison Entities:

Equation [x’\4+3'x/\3-15‘x/\2-2'x+9 | approximate error
Firstguess |-6 Second guess -4 Iterations 100

Working.. please wait

Figure 9: Feedback in comparison interface
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From Tab. 13 and Fig. 8, the results of Groups 1 and 2 show that all users were satisfied with the
application, where 100% of the users chose strongly agree or agree. In contrast, the measure for
frustration while using the app shows 100% of the users chose disagree or strongly disagree. Therefore,
all results in both groups supported each other and showed that the users were satisfied. All users found
the tool interesting. The measure for alignment of feeling with the tool’s look shows that 100% of users
agreed, where they chose either agree or strongly agree. As mentioned in Tab. 13 and Fig. 8, 100% of the
users agreed about tool recommendation, where they chose either strongly agree or agree. Fig. 8 indicates
that Group 2 is low in this aspect, but Fig. 8 shows the highest percentage in each aspect for Groups
1 and 2, where 80% of the users chose strongly agree and 20% chose agree in Group 2.

The users in Group 2 said that the tool helped them understand the bisection method through usability
testing. This indicates that the tool achieved its goal by helping users who did not have knowledge about the
concept of root-finding to understand it and some of its methods.

6 Conclusions and Future Work

In this work, we implemented a learning program that explained five methods—the bisection method,
Newton’s method, the secant method, the hybrid method, and the improved hybrid method—that can be used
to solve nonlinear equations. Also, it compares the methods by the number of iterations and execution time.
The tool was designed considering design principles such as feedback, visibility, affordance, consistency, and
constraints, and was implemented using MATLAB app designers to provide both the graphical user interface
and the underlying source code for the mathematical calculations.

The tool was evaluated with two groups of users, the first group (experienced users) represented users with
knowledge in root-finding. However, the second group (novice users) represented novice users. The effect on
the results of the design principles used to design the tool’s interfaces was positive. We applied common design
principles to make the tool effective and efficient. The effect of these principles was as follows:

. Applying the feedback principle assisted in avoiding mistakes during the use of the tool.
. Applying the visibility principle helped to make the meaning visible.

1

2

3. Applying the affordance principle helped to prevent misleading affordances.

4. Applying the consistency principle helped the tool become usable and learnable.
5

. Applying the constraints principle also assisted in reducing error and focus on the specific task.

Ultimately, the positive results of the user evaluation showed that the tool was recommended to other
users. Also, the second group confirmed that they understood the concept when they used the tool. Thus,
this study achieved its goal to help students learn these methods using an interactive learning tool.

Our future direction will develop the tool with different software to become the tool available free to all users.
Since the software MATLAB is not free and then is not available to all. Furthermore, it will expand the tool to
include a wide range of complex mathematical equations that need to be simplified using such tools. Moreover,
adding more interactive elements, such as games and animation, will make a significant difference in learning.
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